INTRODUCTION

MATERIALS AND METHODS
Birds and Experimental Design
The complete protocol was reviewed and approved by the Virginia Tech Institutional Animal Care and Use Committee. On the day of hatch, 1,200 Cobb 500 male broilers (44.7 ± 0.8 g) were acquired from a commercial hatchery (Cobb-Vantress Inc., Wadesboro, NC) and placed in group pens in an environmentally controlled facility at the Virginia Tech Turkey Center. Chickens were randomly distributed into 60 floor pens, to balance initial weight across treatments, and assigned to 6 treatments with 10 replicate pens each and 20 birds per pen. Treatments included (1) a high-oxidant diet with vitamin E at 10 IU/kg, 3% oxidized oil, and 3% PUFA source [containing docosahexaenoic acid (DHA) at 40%; HO]; (2) the HO diet with vitamin E at 200 IU/kg (VE); (3) the HO diet with AB at 135 mg/kg (AOX); (4) the HO diet with both vitamin E at 200 IU/kg and AB at 135 mg/kg (VE+AOX); (5) a standard control, corn-soy diet with vitamin E at 10 IU/ kg, 3% nonoxidized soy oil, and no PUFA source (SC); and (6) a positive control diet, which was the SC diet with AB at 135 mg/kg (PC). Formulations were adjusted according to phase feeding practices as chickens advanced in age and weight as recommended by the breeder (Cobb-Vantress, 2012) ; starter lasted from d 0 to 10, grower was d 11 to 21, and finisher was d 23 to 42. The broiler grower house had negative pressure ventilation with side wall inlets and fans, circulation fans, and end wall fans with a Choretime Choretronics environment control system (Milford, IN) . Pens were 1.22 × 2.44 m in dimension on concrete floors bedded with fresh wood shavings. Each pen was equipped with a nipple drinker line and galvanized tube feeder. Treatment and control diet information, as well as fatty acid profile of each diet and PUFA source are summarized in Tables 1 and 2 (same diet composition as in Lu et al., 2014) .
Sample Preparation and Measurements
Blood samples were collected by brachial venipuncture into 4-mL heparin vacuum tubes from 1 tagged chicken at the end of each phase. Plasma was used for aspartate aminotransferase (AST), alanine aminotransferase (ALT), and γ-glutamyl transferase (GGT) tests. For all analyses, commercial kits were purchased from Teco Diagnostics (Anaheim, CA).
On d 7, 14, 21, and 42, 1 broiler from each pen (n = 10 per treatment) was randomly selected for euthanasia by cervical dislocation to provide tissue samples. The central lobe of the liver was flash-frozen in liquid nitrogen and stored along with plasma samples at −80°C until assays were conducted. On d 21 and 42, the abdominal fat and another central lobe sample of Item   Treatment diet 1  Control diet 2   HO  VE  AOX  VE+AOX  SC  PC   Added vitamin E, mg/kg  10  200  10  200  10  10  PUFA source, 3 %  3  3  3  3  0  0  AB, 4 mg/kg  0  0  135  135  0  135  Nonoxidized soybean oil, %  0  0  0  0  3  3  Oxidized soybean oil, 5 %  3  3  3  3  0  0 1 Treatment diets were prepared by first preparing a basal diet consisting of the major portion of the ground corn and all other common ingredients for the diets, then mixing the appropriate test ingredients with the appropriate quantity of basal diet for each experimental diet. All diets met or exceeded Cobb-Vantress (2012) nutrient requirements. HO = high-oxidant diet with vitamin E level at NRC requirement of 10 IU/kg (NRC, 1994) , 3% oxidized oil, 3% polyunsaturated fatty acid source; VE = HO diet supplemented with vitamin E level at 200 IU/kg; AOX = HO diet supplemented with an antioxidant blend (ethoxyquin and propyl gallate) at 135 mg/kg; VE+AOX = HO diet supplemented with vitamin E level at 200 IU/kg and an antioxidant blend at 135 mg/kg.
2 Control diets were prepared by another basal diet consisting of the major portion of the ground corn and all other common ingredients for the diets, then mixing the appropriate test ingredients with the appropriate quantity of basal diet for each experimental diet. All diets met or exceeded Cobb-Vantress (2012) recommended nutrient requirements. SC = standard control, vitamin E level at NRC requirement of 10 IU/kg (NRC, 1994) , 3% nonoxidized soy oil, no docosahexaenoic acid (DHA) source supplement; PC = positive control, the SC diet supplemented with an antioxidant blend at 135 mg/kg.
3 PUFA = polyunsaturated fatty acid; Trevera, an algae-based product, provided approximately 55.57% crude fat (containing 41% DHA), 4,000 kcal of ME/kg, and 16.67% protein, Novus International Inc. (St. Charles, MO).
4 AB = antioxidant blend; AGRADO Plus, an antioxidant product containing ethoxyquin and propyl gallate, Novus International, Inc.
5 Soybean oil was heated to 95°C and oxidized by continuously bubbling air at a rate of 80 L/min for up to 72 h. Peroxide values were determined hourly to reach PV of approximately 180 mEq/kg of oil. The oxidized oil was provided by Novus International Inc. the liver were collected and stored in formalin for histology analysis. Another piece of fat was used for the fatty acid profile.
Histological Analysis
Fat and liver samples were fixed in formalin (10%) and embedded in paraffin wax. Sections from each organ were made at a thickness of 5 µm with a microtome, stained with hematoxylin-eosin, and examined by light microscopy for inflammation and vacuole scores. Inflammation scores were graded according to the degree of inflammation as 0 = normal; 1 = 1 to 2 foci of inflammation in ten 100× fields; 2 = 3 to 5 foci of inflammation in ten 100× fields; 3 = 6 to 10 foci of inflammation in ten 100× fields; 4 = >10 foci of inflammation in ten 100× fields. Vacuole score was graded according to the vacuole percentage as 0 = normal, 1 = <25% small vacuoles; 2 = 25 to 50% small vacuoles; 3 = 50 to 75% small to large vacuoles; 4 = >75% large vacuoles.
Fatty Acid Profile
Lipid extraction of feed and abdominal fat samples was performed according to Hara and Radin (1978) , with a hexane and isopropanol (3:2 vol/vol) solution (18 mL/g of fat), followed by a 67 g of sodium sulfate solution per liter (12 mL/g of fat). The upper phase was transferred and then transesterified with sodium methoxide according to the method of Christie (1982) . Briefly, hexane (2 mL) was added to 50 mg of lipid extract, followed by 40 µL of methyl acetate and 40 µL methylation reagent (1.75 mL of methanol:0.4 mL of 5.4 M sodium methylate). Following a 10-min incubation, 60 µL of termination reagent (1 g of oxalic acid/30 mL of diethyl ether) was added. After centrifugation at 2,000 × g at 4°C for 5 min, the hexane layer was removed and used directly for gas chromatographic analysis (Agilent 6890N GC, Santa Clara, CA). A CP-Sil 88 capillary column (100 mm × 0.25 mm i.d. with 0.2-µm thickness; Varian Inc., Palo Alto, CA) was used. The run conditions were oven temperature initially set at 70°C, increased at 8°C/min to 110°C, increased again at 5°C/min to 170°C and held for 10 min, and finally increased at 4°C/min to 225°C and held for 15 min. The inlet and detector temperatures were 250°C; the split ratio was 100:1 and a 1-µL injection volume was used. The hydrogen carrier gas flow rate was 1 mL/min. Hydrogen flow to the detector was 25 mL/min, airflow was 400 mL/min, and the flow of nitrogen makeup gas was 40 mL/min. Fatty acid peaks were identified by using pure methyl ester standards (Nu-Check Prep Inc., Elysian, MN). Those data were presented as relative percentage of total fatty acids.
RNA Extraction, Reverse Transcription and Real-Time PCR
Liver samples (20-30 mg) were weighed and placed into a 2-mL microcentrifuge tube, along with 5-mm stainless steel beads and 600 µL of lysis buffer, and homogenized using the TissueLyser II system (Qiagen, Valencia, CA) according to the manufacturer's recom- mendation. Total RNA was extracted using the RNeasy mini kit following the animal tissue protocol (Qiagen). Following extraction, RNA was eluted by rinsing the column membrane twice with 25 µL of RNase-free water. Total RNA concentration was determined at optical density (OD) 260 nm (NanoDrop-1000, Thermo Fisher Scientific, Waltham, MA) and RNA purity was verified by evaluating the ratio of OD 260 nm to OD 280 nm. Quality of the RNA was examined by agarose gel electrophoresis. Total RNA was diluted to 0.2 µg/ µL using nuclease-free water. Reverse transcription was accomplished using the high-capacity cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad, CA) following the manufacturer's protocol, and the cDNA was stored at −20°C. Quantitative real-time PCR was performed using an ABI 7500 FAST Real-Time PCR System (Applied Biosystems). The cDNA was diluted 1:20 in nuclease-free water, and then 1 µL of the diluted cDNA was added to each well of a 96-well plate with 9 µL of real-time PCR master mix [containing 5 µL of FAST SYBR Green Master Mix (Applied Biosystems), 1 µL each of 5 µM forward and reverse primers, and 2 µL of sterile nuclease-free water]. During the PCR reaction, samples were subjected to an initial denaturation phase at 95°C for 20 s, followed by 40 cycles of denaturation at 95°C for 3 s, and annealing and extension at 60°C for 30 s.
Gene expression for IL-4, IL-10, IL-1β, interferon (IFN)-γ, inducible nitric oxide synthase (iNOS), peroxisome proliferator activated receptor (PPAR)-γ, and PPAR-α was analyzed using glyceraldehyde-3-phosphate dehydrogenase as an endogenous control. Each reaction was run in duplicate. Primers were designed (Table 3 ) and synthesized by MWG Operon (Huntsville, AL). Results from quantitative real-time reverse transcription PCR were analyzed using the 7500 RealTime PCR software (Applied Biosystems). Average gene expression relative to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) endogenous control for each sample was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 
Statistical Analysis
Plasma data were analyzed using the Glimmix procedure of SAS (version 9.2, SAS Institute Inc., Cary, NC). Pen was the experimental unit (n = 10). Plasma data were conducted via repeated measures by day. The model included the fixed effects of dietary treatment and sampling day. Means and SE calculations were determined using the least squares means statement with the slice option to separate treatment means by sampling day. Other data were analyzed using the GLM procedure. Tukey's multiple comparison test was conducted at a significance level of α = 0.05.
RESULTS
Fatty Acid Profile
Fatty acid data are reported for abdominal fat in chickens across treatments on d 21 and 42 in Tables  4 and 5 . On d 21, several fatty acids in abdominal fat were greater in birds fed treatment diets (HO, VE, AOX, and VE+AOX) than birds fed control diets (SC and PC), including 14:0, 20:4, 20:5, 22:5, and 22:6 (P < 0.001). The amount of n-3 fatty acids in the fat of treatment-diet-fed birds was greater than control with a smaller n-6:n-3 ratio (P < 0.001). All the fatty acids in birds fed the AOX and VE+AOX treatments were at the same levels, whereas most of fatty acids of SC and PC chickens had similar levels, except that PC birds showed a greater concentration of 18:2, 18:3, and n-6 than SC birds (P < 0.001); this result suggests 18:2 and 18:3 were increased in birds fed the AB independent of the use of high-oxidant treatment. On d 42, differences in the fatty acid profile of abdominal fat for chickens fed treatment diets and control diets were more profound compared with d 21. The concentrations of 14:0, 20:4, 20:5, 22:5, and 22:6 were increased in treatment groups relative to control groups; the concentrations of monounsaturated fatty acids and 18:1 trans and cis were reduced in birds fed treatment diets compared with control diets (P < 0.001). Similarly, all the fatty acids concentrations from AOX and VE+AOX were at the same level, except 14:0. Samples from HO were less than AOX and VE+AOX treatments in the concentrations of 14:0, 18:2, 18:3, 20:4, 20:5, 22:5, and 22:6, so were the concentrations of PUFA, n-3, and n-6 acids, as well as the ratio of PUFA to saturated fatty acids. However, the proportions of 20:4, 20:5, 22:5, and 22:6 were higher, whereas the ratio of n-6:n-3 was greater in HO than VE, AOX, and VE+AOX (P < 0.001). At d 42, the concentrations of fatty acids in SC and PC were at the same level, except 18:3.
Plasma AST, ALT, and GGT
The concentrations of liver function indicators AST, ALT, and GGT are summarized in Table 6 . Plasma AST concentration in HO was greater on d 21 and 42 relative to SC. Similarly, GGT was the greatest in HO on d 21, but showed no difference at other time points. The VE, AOX, and VE+AOX treatments restored the concentration of GGT to a similar level as SC and PC. Interestingly, ALT on d 42 showed the greatest level in SC.
Gene Expression of Inflammatory Response Indicators and PPAR
Neither proinflammatory cytokines, such as IFN-γ, iNOS, and IL-1β, nor anti-inflammatory cytokines, IL-10 and IL-4, differed significantly among treatment groups (data not shown). The gene expression of IL-10 on d 21 tended to be greater in SC birds compared with the HO and VE+AOX treatments (3.22 vs. 1.42 and 1.53, P = 0.051).
The PPAR-α and -γ (Figure 1 ) in the liver did not differ on d 7 and 14. On d 21, the SC birds had greater PPAR-α expression compared with the HO, AOX, A-C Means within rows are significantly different at P < 0.01. a,b Means within rows are significantly different at P < 0.05. 1 AST = aspartate aminotransferase; ALT = alanine aminotransferase; GGT = γ-glutamyl transferase. 2 HO = high-oxidant diet with vitamin E level at NRC requirement of 10 IU/kg (NRC, 1994), 3% oxidized oil, 3% polyunsaturated fatty acid source; VE = HO supplemented with vitamin E level at 200 IU/kg; AOX = HO supplemented with an antioxidant blend (ethoxyquin and propyl gallate) at 135 mg/kg; VE+AOX = HO supplemented with vitamin E level at 200 IU/kg and an antioxidant blend at 135 mg/kg; SC = standard control, vitamin E level at NRC requirement of 10 IU/kg (NRC, 1994), 3% nonoxidized soy oil, no docosahexaenoic acid supplement; PC = positive control, SC supplemented with an antioxidant blend at 135 mg/kg. and PC birds. Similarly, the expression of PPAR-γ was greater in SC compared with the AOX birds (P < 0.05).
Histology Scores of Fat and Liver
The inflammation scores in both liver and fat and vacuole scores in the liver are summarized in Figure  2A -C. On d 21, the abdominal fat of HO birds showed the greater inflammation scores compared with the SC birds, and AOX and VE+AOX restored the scores to SC level (P < 0.001). On d 42, the inflammation scores of fat did not differ among treatments (Figure 2A ). No significant difference in liver inflammation scores were observed ( Figure 2B ). On d 42, but not on d 21, the liver vacuole scores of HO birds was increased relative to SC birds and were not restored to SC birds levels by vitamin E or AB (P < 0.01; Figure 2C ).
DISCUSSION
As we expected, in the current model, the fatty acid profile in the abdominal fat reflected that of the diet, especially for key fatty acids, such as DHA (22:6 n-3) and eicosapentaenoic acid (20:5 n-3), which characterized the dietary treatment. This was in line with a broiler study that used fish oil as a PUFA source, indicating an increased accumulation of DHA in the organs (Al-Khalifa et al., 2012) . The effect of the DHAsupplemented diets was most evident for the PUFA, especially n-3 PUFA, which resulted in a lower n-6:n-3 ratio for treatment diets than for control diets. A greater concentration of the n-3 fatty acids, such as 18:3 n-3 in the PC-treated chickens compared with SC, may stem from a protection from oxidation of n-3 by AB in the PC diet. It has been well demonstrated that the main compound in our AB supplement, ethoxyquin, was an efficient synthetic antioxidant protecting against lipid peroxidation in feed (Bartov and Bornstein, 1972; Thorisson et al., 1992; de Koning, 2002) , which led to greater concentrations of PUFA deposited in the abdominal fat. On the contrary, compared with other treatment diets, the HO chickens exhibited lower concentrations of 18:2, 18:3, 20:4, 20:5, 22 :5, and 22:6 on d 42, resulting from inadequate PUFA preservation capability due to the absence of as antioxidants. The addition of AB increased all of PUFA concentrations, whereas vitamin E supplementation alone was able to preserve 20:4, 20:5, 22:5, and 22:6, which suggested a better preservation ability of AB compared with vitamin E.
Injury to the liver results in the release of intracellular enzymes into the extracellular space (Kristensen, 1994) . Increases in plasma levels of the liver function enzymes AST, ALT, and GGT are well known diagnostic indicators of liver injury (Chiu et al., 2013) . The activity of AST is currently considered to be a very sensitive indicator of hepatocellular disease in avian species. The greater plasma AST concentration in the HO treatment relative to the SC treatment on d 21 and 42 may suggest hepatocellular necrosis by oxidative stress, which causes an increase in permeability of the cell membrane, resulting in the release of transaminase in the blood stream. However, the addition of AB or vitamin E did not prevent the increase in AST. The change of ALT was inconsistent compared with AST in the current study, which may be due to the poor specificity of ALT for liver disease (Harr, 2002) . Gamma glutamyl transferase is probably specific to hepato-biliary and renal epithelium in birds (Harr, 2002) ; the elevated plasma activity of GGT observed in HO treated birds on d 21 could be due to hepatic and renal injury and subsequent leakage of enzymes into circulation.
In general, the oxidative stress in the current study seems insufficient to create an inflammatory response in the liver. This may be due to an anti-inflammatory effect of DHA and other long-chain omega-3 fatty acids supplemented (Zhang and Spite, 2012; Flock et al., 2013) . As reported, DHA at greater concentrations may selectively decrease proinflammatory cytokine production of IL-1β, IL-6, IL-23, IL-17, and tumor necrosis factor-α, as well as the inflammatory lipid mediators prostaglandin-2 (Spite et al., 2009; Solanki et al., 2013) .
One possible anti-inflammatory mechanism of DHA is through the activation of the PPAR pathway. In particular, PPAR-γ can influence immune responses. It has been shown to inhibit the expression of inflammatory cytokines and direct the differentiation of immune cells in the intestine toward anti-inflammatory phenotypes (Marion-Letellier et al., 2009 ). Additionally, eicosapentaenoic acid and DHA, as well as their metabolites, inhibited nuclear factor-κB-induced transcription via activation of PPAR-γ in macrophages and T cells (Flock et al., 2013 ). In the current study, we observed no significant inflammatory response potentially indicating modulation of immune responses through PUFA-mediated changes in PPAR activation.
The PPAR are lipid sensors; the role of PPAR-α is to increase fatty acid oxidation through upregulation of the expression of the carnitine palmitoyltransferase enzymes and acyl-coenzyme A oxidase (Royan et al., 2011) . Supplementation of fish oil rich in long-chain n-3 fatty acids has been reported to enhance activation of PPAR-α, as indicated by increases in PPAR-α target gene expression in the liver of hens, leading to reduction in lipid content (König et al., 2008) . Although treatments, including DHA, have reduced expression of PPAR-α compared with controls, we did not measure any PPAR-α target genes to assess activation.
The SC birds expressed a greater expression of PPAR-α in the liver, which was consistent with relatively fewer vacuoles. Liver is the primary site of de novo fatty acid synthesis in birds (Royan et al., 2011) . The fat vacuoles in the liver suggest histopathological alterations caused by the combination of oxidized oil and PUFA source. Oxidative stress can cause fatty liver in laying hens (Diaz et al., 1994) , and dietary antioxidants such as vitamin E have limited effect on the alteration of liver lipid oxidation products or fatty liver scores in birds (Cherian and Hayat, 2009 ). This agrees with our findings that AB and vitamin E supplementation did not reduce the vacuole scores in the VE, AOX, or VE+AOX treatments. This alternation in the liver may not be from inflammation, because neither the expression of inflammatory-related genes nor liver histology inflammation scores were different among treatments. However, the abdominal fat showed the greatest inflammation scores in the HO birds on d 21, whereas the AOX treatment birds reduced the inflammation scores to a level similar to the SC birds. During the later phase (d 42), it seems that the inflammation in the fat resolved because the inflammation score did not differ among treatments and the scores were relatively less than that of d 21.
In summary, supplementation of AB and vitamin E maintained PUFA well, increasing DHA deposition in abdominal tissue. Liver reflected the oxidative stress, as indicated by liver injury measurements and vacuole score. However, the current model did not induce an apparent inflammatory response in the liver. Supplementation with AB moderately altered liver function and inflammation in the fat tissue to a level similar to control groups.
